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BACKGROUND: Xenobiotic metabolism is complex, and accounting for bioactivation and detoxification processes of chemicals remains among the
most challenging aspects for decision making with in vitro new approach methods data.
OBJECTIVES: Considering the physiological relevance of human organotypic culture models and their utility for high-throughput screening, we
hypothesized that multidimensional chemical-biological profiling of chemicals and their major metabolites is a sensible alternative for the toxicologi-
cal characterization of parent molecules vs. metabolites in vitro.

METHODS: In this study, we tested 25 polychlorinated biphenyls (PCBs) [PCB 3, 11, 52, 126, 136, and 153 and their relevant metabolites (hydroxy-
lated, methoxylated, sulfated, and quinone)] in concentration–response (10 nM–100 lM) for effects in human induced pluripotent stem cell (iPSC)-
derived cardiomyocytes (CMs) and endothelial cells (ECs) (iPSC-derived and HUVECs). Functional phenotypic end points included effects on beat-
ing parameters and intracellular Ca2+ flux in CMs and inhibition of tubulogenesis in ECs. High-content imaging was used to evaluate cytotoxicity,
mitochondrial integrity, and oxidative stress.

RESULTS: Data integration of a total of 19 physicochemical descriptors and 36 in vitro phenotypes revealed that chlorination status and metabolite
class are strong predictors of the in vitro cardiovascular effects of PCBs. Oxidation of PCBs, especially to di-hydroxylated and quinone metabolites,
was associated with the most pronounced effects, whereas sulfation and methoxylation of PCBs resulted in diminished bioactivity.
DISCUSSION: Risk characterization analysis showed that although in vitro derived effective concentrations exceeded the levels measured in the general
population, risks cannot be ruled out due to the potential for population variability in susceptibility and the need to fill data gaps using read-across
approaches. This study demonstrated a strategy for how in vitro data can be used to characterize human health risks from PCBs and their metabolites.
https://doi.org/10.1289/EHP7030

Introduction
Xenobiotic metabolism is a well-recognized modifier of efficacy
and toxicity of drugs and chemicals. Extensive characterization
of metabolism is required in both drug and chemical safety evalu-
ations (U.S. EPA 2005; U.S. FDA 2017). This process is both
time and resource consuming, and data are available on a rela-
tively small number of compounds. For registration of industrial
chemicals, there are no requirements for characterization of me-
tabolism; instead, in silico models are used to predict both toxic-
ity (Dimitrov et al. 2016) and metabolism (Mekenyan et al.
2012). Limitations of traditional structure–activity models that
rely on chemical descriptors to predict biological effects are well
recognized (Cronin et al. 2017), especially in distinguishing par-
ent/metabolite pairs, a phenomenon termed “activity cliffs”
(Combes 2011). Cell-based assays with appropriate metabolic
competence are available for several major tissue types, and they
are used in toxicity screening to address the potential adverse
effects of metabolites (Rodrigues et al. 2013). Nevertheless, the
vast majority of currently available in vitro toxicity screening
assays lack metabolic competence, and this lack is one key

impediment to incorporating new approach methods into hazard
and risk assessment (Kavlock et al. 2018).

Polychlorinated biphenyls (PCBs) are one example of a class
of compounds with multiple, closely related chemical congeners
and toxicologically relevant metabolites (Grimm et al. 2015a).
PCBs are persistent organic pollutants with an aromatic biphenyl
skeleton containing 1–10 chlorine atoms that comprise a total of
209 congeners (U.S. EPA 2003). PCBs were mass-produced
globally between the 1920s and 1990s and used in a variety of
industrial and consumer applications (Lauby-Secretan et al.
2013). They are chemically and thermally stable and have accu-
mulated in soil, sediments, and the atmosphere, where they can
harm human health and the environment (Lauby-Secretan et al.
2016, 2013). The Stockholm Convention on Persistent Organic
Pollutants of 2001, an international treaty that was signed by
more than 90 nations, declared prohibition and elimination of
production of PCBs and required specific actions to phase out
PCBs use over time (Lallas 2001).

Metabolism and disposition of PCBs are complex and depend
on the number and positions of chlorine substituents in the mole-
cule (Grimm et al. 2015a; Mathews and Anderson 1975).
Therefore, the potential adverse effects of PCB congeners and their
metabolites are difficult to ascertain with experiments (Mills et al.
1985); not surprisingly, human health evaluations have been per-
formed on only a relatively small number of these substances and
commercial mixtures (Haws et al. 2006; Lauby-Secretan et al.
2013; Silberhorn et al. 1990; Van den Berg et al. 2006). A larger
number of congeners and metabolites have been studied in vitro
(Arulmozhiraja et al. 2005; Kitamura et al. 2005; Ludewig and
Robertson 2013), and such an approach may be more feasible for
collecting information necessary to establish relative potency of
these substances in comparison with that of well-studied PCBs
(van Ede et al. 2016). Screening of parent compounds and their
metabolites concurrently also addresses the challenge of the lack
of metabolism in cell-based assays. Given the higher throughput of
in vitro assays, metabolites can be queried in concentration–
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response for risk-based comparisonswith both their rates of metab-
olism andmeasured tissue concentrations.

In this study, we conducted comprehensive in vitro bioactivity
profiling of a diverse selection of environmentally relevant PCBs
and, where appropriate, their major metabolites. In addition, we
used human exposure data to characterize the margin of exposure
(MOE) between in vitro concentration–response profiles and serum
concentrations of these PCBs and their metabolites in the general
population. Exposure assessments demonstrated that many PCBs
and metabolites are detectable in humans; however, few of these
chemicals have hazard data. To address this deficiency, we used a
read-across approach to fill data gaps and enable calculation of cu-
mulativeMOEs for each individual in the biomonitoring data sets.

Materials and Methods
Chemical Synthesis and Verification of the Materials
Structures and subclasses of PCBs and their metabolites that were
used in this study are shown in Figure 1. PCBs and methoxylated

PCBs, including 4-chlorobiphenyl (PCB 3); 2,20,5,50-tetrachloro-
biphenyl (PCB 52); 2,20,3,50,6-pentachlorobiphenyl (PCB 95);
3,30,4,40,5-pentachlorobiphenyl (PCB 126); and 20-methoxy-4-
chlorobiphenyl (20-MeO PCB 3); 30-methoxy-4-chlorobiphenyl
(30-MeO PCB 3); 40-methoxy-4-chlorobiphenyl (40-MeO PCB 3);
4-methoxy-3,30-dichlorobiphenyl (4-MeO-PCB 11); 5-methoxy-
3,30-dichlorobiphenyl (5-MeO-PCB 11); and 4-methoxy-2,20,5,50-
tetrachlorobiphenyl (4-MeO-PCB 52) were synthesized using the
Suzuki-coupling reaction (Bauer et al. 1995; Joshi et al. 2011;
Lehmler and Robertson 2001) following the exact protocol in
Lehmler and Robertson (2001). All mono-hydroxylated PCB
metabolites of PCB3, PCB 11, and PCB 52were obtained by depro-
tection of the corresponding methoxylated PCB congeners with bo-
ron tribromide (Bolgar et al. 1995). 3,30-Dichlorobiphenyl (PCB 11)
was synthesized from 3,30-dichlorobenzidine by forming a diazo-
nium salt, followed by reduction with hypophosphorous acid
(Holland et al. 2017). Symmetrical PCBs, 2,20,4,40,5,50-hexachloro-
biphenyl (PCB 153) and racemic 2,20,3,30,6,60-hexachlorobiphenyl
(PCB 136), were synthesized using Ullman coupling reaction of the

Figure 1. PCBs and their metabolites selected for in vitro cardiovascular toxicity testing. The library included three lower chlorinated PCBs (3, 11, and 52)
and a selection of hydroxylated, di-hydroxylated, methoxylated, and sulfated metabolites. The higher-chlorinated (≥5 chlorine atoms) PCBs 95, 126, 153, and
the atropisomers (+)- and (−)-PCB 136 were also included. Chemical names and abbreviations of PCBs and metabolites are listed in Table S1. Note: PCB, pol-
ychlorinated biphenyls.
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corresponding chlorinated iodobenzene with copper bronze (Shaikh
et al. 2006). PCB sulfates were synthesized by sulfation of hydroxy-
lated PCB congeners with 2,2,2-trichloroethyl chlorosulfate, fol-
lowed by deprotection with zinc powder/ammonium formate (Li
et al. 2010). 2-(4-Chlorophenyl)benzo-2,5-quinone (4-Cl BQ) was
prepared via the Meerwein arylation of benzoquinone with 4-chlor-
oaniline (Amaro et al. 1996). 4-Chloro-20,50-dihydroxybiphenylwas
obtained by reduction of 4-Cl BQ with sodium dithionite (McLean
et al. 1996).Atropisomers of PCB136were separated on two serially
connected 4:6× 250 mmNucleodex b-PM columns (Kania-Korwel
et al. 2008). The purity of the synthesized PCBs, hydroxylated
metabolites, methoxylated derivatives, and the quinone was >99%,
as determined by gas chromatography–mass spectrometry (GC-
MS). All PCB sulfates were free of decomposition products (i.e.,
hydroxylated PCBs) according to thin-layer chromatography analy-
sis. See Supporting Information for a description of the synthesis
(Table S1 “Chemical names and abbreviations of PCBs andmetabo-
lites”) and, where applicable, GC-MS authentication (Supplemental
Text 1 “Purity determination by GC-MS,” and Supplemental Text 2
“Enantiomeric purity determination,” and Figures S1–S20 “Gas
chromatogram and mass spectra of the individual metabolites”) of
each PCB derivative used in this study. For general information
regarding purity determinations, see Li et al. (2018).

Chemical and Biological Materials
iCell® cardiomyocytes (Cat. No. CMC-100-010-001) and respective
plating and maintenance media, iCell® endothelial cells (Cat. No.
ECC-100-010-001) and their requisite media supplements were pur-
chased from FujiFilm Cellular Dynamics International. Trypan blue
solution (0.4%) and penicillin/streptomycin (50 mg=ml) were
obtained from Life Technologies. Dimethyl sulfoxide (DMSO, tissue
culture grade) was purchased from Santa Cruz Biotechnology.
Chloroquine phosphate, nocodazole, suramin, and tetraoctyl ammo-
nium bromide (TAB) were from Cayman Chemical. Isoproterenol
and propranolol were purchased fromMolecular Devices, and cisapr-
ide was obtained from Sigma Aldrich. VascuLife® containing
Vascular Endothelial Growth Factor (VEGF)MediumCompleteKits
recommended for iCell®-endothelial cells culture were purchased
from Lifeline Cell Technology. Pooled HUVECs in EGM-2 media
(Cat. No. CC2519A) and EGM™-2 BulletKits™were obtained from
Lonza. Biological reagents and cellular dyes, including Calcein AM,
fibronectin, Geltrex™ LDEV-Free reduced growth factor basement
membrane, Hoechst 33342, and TrypLE™ Express were procured
from Life Technologies. Media, supplements, and positive controls,
including fetal bovine serum, histamine, FluoroBright Dulbecco’s
Modified Eagle’s Medium (DMEM), and Medium 199 were pur-
chased fromFisher Scientific.

Calculation of the Physicochemical Descriptors
Physicochemical descriptors (molecularweight, logP, logS, density,
polarizability, molar volume, surface tension, and percent composi-
tion based on carbon, hydrogen, chlorine, oxygen, and sulfur con-
tent) were all calculated in ChemSketch (ACD/Labs). Numbers of
ortho-, meta-, and parachlorines, total number of chlorines, and
number of ortho-, meta-, and para-(nonchlorine)alkyl groups (e.g.,
hydroxyl- or sulfooxy-)were based onmanual counts.

Cell Culture
Details on cardiomyocyte cell culture are described in detail else-
where (Grimm et al. 2015b; Sirenko et al. 2013a). Briefly, tissue-
culture treated 384 well plates were gelatinized with 25 lL per
well of 0.1% (w/v) gelatin in water for 2 h at 37°C and 5% CO2.
Individual vials of cells were thawed for 4 min in a water bath
maintained at 37°C. Thawed cells were resuspended in 10 ml

plating medium containing 1:500 (vol/vol) penicillin/streptomycin
solution at room temperature (RT). Live cell counts for each cell
suspension were determined by trypan blue staining and cells were
further diluted to provide final cell densities of 2 × 105 viable
cells/ml. Thus, 5,000 cells suspended in 25 lL media were trans-
ferred per well after the gelatin solution had been discarded. Cell
culture plates were rested for 30 min at RT before they were incu-
bated for 48 h at 37°C and 5% CO2. Then, a media exchange with
30 lL of fresh maintenance medium containing 1:500 (vol/vol)
penicillin/streptomycin solution was performed, and cell media
were subsequently changed every 48 h for 12 d. On the experiment
day, the mediumwas completely exchanged with either 25 lL (for
Ca2+ flux assay) or 40 lL (for imaging) of freshmedium.

The culture conditions of iCell®-endothelial cells were as
reported elsewhere (Iwata et al. 2017). Briefly, T75 flasks were
coated with a fibronectin solution (3lg=cm2) followed by incuba-
tion for 1–2 h. Cells were thawed for 3 min in a 37°C water bath.
Thawed cells were added to maintenance medium made of
VascuLife VEGF Medium Complete Kit, excluding the supplied
FBS, and iCell® Endothelial Cells Medium Supplement. The final
formulation of the maintenance medium is detailed in (Iwata et al.
2017). The aliquoted fibronectin solution was aspirated from the
T75 flasks, and cells were seeded at 1:0× 104 cells=cm2. Cells were
maintained at 37°C and 5% CO2 with media changes occurring ev-
ery 2 d and passaged every 3–4 d using TrypLE™ Express. All
experiments were conducted on cells between passages 1 and 5.

Similar to the cultivation of iCell®-endothelial cells, HUVEC
maintenance and experimentation are detailed elsewhere (Iwata
et al. 2017). Briefly, HUVECs were thawed, seeded, and grown in
T75 tissue culture flasks in Medium 199 with EGM™-2
BulletKits™. HUVECs were incubated at regular cell culture con-
ditions, 37°C and 5% CO2, and passaged every 2–3 d using
TrypLE™ Express. To ensure adequate endothelial function,
experiments were performedwith cells between passages 1 and 5.

Evaluation of the Effects on the Function of CMs
Responses of iCell®-cardiomyocytes to drugs and chemicals were
evaluated using intracellularCa2+ fluxmeasurements (Grimmet al.
2015b; Sirenko et al. 2013b). For experiments, 20mM stock solu-
tions of PCBs and PCB metabolites were prepared in DMSO
(200× ). Chemical working solutions (5 × ) were prepared using
cardiomyocyte maintenance medium and contained 2.5% (vol/vol)
DMSO. These chemical master plates were prepared to include all
chemicals in concentration–response (0.05, 0.5, 5, 50, and
500 lM). Negative controls included media-only and vehicle con-
trol (i.e., 0.5% vol/vol DMSO in cell culture media) wells. Positive
assay controls were consistent with previously published reports
(Grimmet al. 2018) and included TAB (50 lM) as a cytotoxic con-
trol, and isoproterenol (0:1–10 lM), propranolol (0:1–5 lM), cis-
apride (0:01–1 lM), and doxorubicin (0:1–5 lM) as chemicals
associated with specific effects on beating and ion flux. Each test
chemical was screened in triplicate for each concentration.

Experiments started with the addition of 25 lL of prewarmed
2× concentrated calcium dye reagent to sample wells containing
25 lL maintenance media. Microplates were then acclimated for
2 h at 37°C. Following equilibration, cardiomyocyte sample wells
were treated simultaneously by the addition of 12:5 lL of pre-
warmed 5× chemical solution to iCell®-cardiomyocytes using
the automated liquid handler in the FLIPR tetra (Molecular
Devices). Treated cell cultures were incubated for either 90 min or
24 h. After the conclusion of the treatment period, the Ca2+ flux
was measured for 100 s at a frequency of 8 Hz using the integrated
fluorescence plate reader in the FLIPR tetra (Molecular Devices)
using an emission wavelength range of kemission = 515–575 nm
(kexcitation = 470–495 nm). Additional instrument settings included
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exposure time per read of 0.05s, a gain of 2000, an excitation inten-
sity of 30%, and an internal temperature of 37°C.

Ca2+ flux data were processed in R studio (version 1.0.136,
with R version 3.3.2; R Development Core Team) as described
elsewhere (Blanchette et al. 2019; Burnett et al. 2019). Calculated
quantitative metrics included the means and coefficients of varia-
tion (CV) of the peak height, which can be indicative of cytotoxic-
ity, inhibition, or stimulation of beating. Means of peak frequency,
an indicator of positive or negative inotropes, and CV of peak spac-
ing, an indicator of irregular beating, were also derived from Ca2+

flux traces. Finally, the mean ratio of the decay over rise time was
calculated. Increases in the decay/rise time ratio are reflective of
delayed repolarization and are ameasure for QT prolongation.

Evaluation of Cardiotoxic Effects
Cytotoxicity and effects on mitochondrial integrity of various
PCBs and PCB metabolites in induced pluripotent stem cell-CMs
(iPSC-CMs) were assessed using high-content cellular imaging
in ImageXpress® Micro Confocal (Molecular Devices) as detailed
in (Grimm et al. 2015b). Cells in 40 lL maintenance media were
treated with 10 lL of 5× chemical solutions to provide test
chemicals at final assay concentrations ranging from 0.01 to
100 lM. Following the addition of chemicals, cells were incu-
bated at 37°C and 5% CO2 for 24 h. Next, sample wells were
treated with 50 lL equilibrated 2× concentrated staining solu-
tion (maintenance medium containing Hoechst 33342, 4 lg=mL
and MitoTracker™ Orange, 0:4 lM). Microplates were then
incubated for 15 min at 37°C and 5% CO2 before cells were
washed twice with 30 lL maintenance medium. All media were
aspirated and discarded, and cells were fixed with 25 lM of a
3.7% formaldehyde solution for 15 min at 37°C and 5% CO3.
Fixed cells were washed 3× with 25 lL PBS before image acqui-
sition using the DAPI (Hoechst 33342) and Cy3 (MitoTracker™
Orange) filters at 10× magnification on the ImageXpress® Micro
Confocal high-content confocal microscope (Molecular Devices).
The multiwavelength cell scoring applications module in
MetaXpress®was used to analyze acquired images.

Evaluation of the Effects on ECs
Tube formation assays were performed on Geltrex™ LDEV-free
reduced growth factor basement membrane using both iCell®-
endothelial cells and HUVECs in 384-well format exactly as
detailed in Iwata et al. (2017). Negative controls included media-
only and vehicle control (i.e., 0.5% vol/vol DMSO in cell culture
media) wells. Positive assay controls were consistent with previ-
ously published reports (Iwata et al. 2017) and included TAB
(50 lM) as a cytotoxic control, and nocodazole (0:01–1 lM),
suramin (0:5–50 lM), histamine (0:1–100 lM), and chloroquine
(1–500 lM) as chemicals associated with specific effects on
ECs. Each test chemical was screened in triplicate for each con-
centration. Briefly, for iCell®-endothelial cells, starvation media
consisted of VascuLife® basal medium with 4mM L-glutamine
LifeFactor and 0.1% iCell®-endothelial cells medium supple-
ment. To counter dilution effects, a 2 × concentration of the
HUVEC maintenance medium supplemented with additional
VEGFwas created (EGM™-2 BulletKits™ at 2 × concentration;
also the VEGF component was replaced with 12:5 ng=mL
VEGF). Geltrex™ LDEV-free reduced growth factor basement
membrane was thawed overnight and dispensed into 384-well
plates (10 lL=well) with tapping and rotating to evenly coat. The
plates were incubated for 1 h in a cell culture incubator at 37°C
and 5% CO2. A 2× PCB plate (containing all of the PCBs and
metabolites in dose–response) was prepared in basal media and
added, 25 lL per well, to the Geltrex™ coated plates. On

separate plates, cells were seeded 7,500 (iPSC- ECs) or 3,500
(HUVEC) cells/well. Cells were exposed to chemicals overnight
at 37°C and 5% CO2 and stained with 3 × concentration of cal-
cein AM (25 lL/well, 6 lmol=L) for 15 min before imaging.
Images were captured at 4 × magnification with the FITC filter
(calcein AM). Images were analyzed with the angiogenesis mod-
ule software withinMetaXpress™ (Molecular Devices).

Cytotoxicity was assessed in parallel experiments. For iCell®-
endothelial cells, 384-well plateswere coatedwith a 30 lg=mL fibro-
nectin solution (10 lL=well) and incubated for 2 h at RT. iCell®-
endothelial cells were dissociated with TrypLE™ Express and pre-
pared into a solution to achieve 750 cells per well and 50 lL of total
volume. The fibronectin solution was removed from the 384-well
plate, and cells were plated. For HUVECs, similar dissociation and
the same cell density were used for plating with the exclusion of the
fibronectin solution. Cells were incubated at 37°C and 5%CO2 until a
monolayer was formed, typically 3–5 d. 2 × PCB plates were created
with the requisite maintenance medium. Before treatment, the me-
dium in thewells was exchanged to 25 lL=well of freshmaintenance
medium. 2× PCB chemical solutions (12:5 lL=well) were added.
After 24 h incubation at 37°C and 5% CO2, cells were stained with
Hoechst 33342, MitoTracker™ Orange, and calcein AM for 20 min
before replacing the staining media with FluoroBright DMEM. Cell
culture plates were imaged using the ImageXpress® Micro Confocal
high-content imaging system (Molecular Devices). Images were
acquired at 10 × magnification with DAPI, TRITC, or FITC filter
(Hoechst 33342, MitoTracker™, or calcein AM, respectively). The
multiwavelength cell scoring applications module in MetaXpress™
(MolecularDevices)was used to analyze the images.

Data Analysis and Visualizations
Phenotypic responses were quantitatively assessed using concen-
tration–response modeling as detailed elsewhere (Sirenko et al.
2017). Briefly, phenotypic readouts were normalized to vehicle
controls and fit to a four-parameter logistic model in R studio
software (version 3.1.1; R Development Core Team). Following
EPA guidance on dose–response modeling, a cutoff of one stand-
ard deviation across means of vehicle control (i.e., 0.5% vol/vol
DMSO in cell culture media) wells was applied to determine the
point-of-departure (POD) values (U.S. EPA 2012). In the absence
of a concentration–response, the highest tested concentration
(i.e., 100 lM) was assigned as “no observable adverse effect
level.” The concentration–response assessment R script, as well as
templates for vehicle and concentration–response data, are avail-
able as a supplement to Sirenko et al. (2017). The ability of physi-
cochemical properties to predict differences in PODs were
evaluated bymultiregression andmixed-effects modeling using R.

POD values were then integrated using ToxPi 2.0 (Marvel et al.
2018) software. In ToxPi, each slice is representative of cell type–
and time-point–specific phenotypes. The area of each slice is propor-
tional to the relative value (e.g., bioactivity or physicochemical
descriptor value) of the chemical within the data set. ToxPi scores
were used to rank PCBs and theirmetabolites according to their over-
all bioactivity and to determine variability in total observable biologi-
cal responses and chemical characteristics for each major metabolite
class and chlorination status (mono-, hexa-chlorinated). Additional
visualizations such as dumbbell and principal components analysis
plots were generated in R Studio (version 1.1.456; R version 3.5.1; R
Development Core Team) using the ggplot2 package.

Risk Characterization Based on the Margin of Exposure
Characterization of the margins of exposure for PCBs and their
metabolites was achieved by cell type–specific comparison of
measured bioactivity, i.e., calculated POD values, and human
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serum concentrations of selected PCBs, hydroxylated metabolites
of PCBs (OHPCBs), and PCB sulfates. PCB and OHPCB serum
concentrations were based on the data from the Airborne Exposure
to Semi-Volatile Organic Pollutants study (Ampleman et al. 2015;
Grimmet al. 2017; Koh et al. 2016a, 2016b).

As an initial screen, the cell type– and PCB/metabolite–specific
PODswere compared with the range of total exposures across each
class (PCBs, OHPCBs, and PCB sulfates). Specifically, for each
class, the ranges were derived for total (parent) PCB content in se-
rum samples from 175 individuals, total OHPCB content in serum
samples from 159 individuals, and 4-PCB 11 sulfate in 46 individ-
uals. For each class, ranges (min–max were compared with distri-
butions of biological activity per congener (individual PCB,
OHPCB, or PCB sulfate) and cell type (i.e., iCell® cardiomyocytes,
iCell®-endothelial cells, and HUVECs), represented by box plots.
Reported values in nanograms of PCB or OHPCB per gram of
fresh serumweight were converted to their approximatemolar con-
centrations based on an average serum density of 1:025 g=mL and
an approximate PCB or OHPCBmolecular weight of 300 g=mol.

The initial screening analysis compared total class concentra-
tions with individual congener or metabolite bioactivity and does
not take into account within-class variation in potency or cumula-
tive risks from across all congeners and classes. To address these
issues, as well as to characterize population variability, a cell-
type–specific, cumulative margin of exposure was calculated for
each individual within the sampled population (van der Voet et al.
2009). Because there aremissing data in both the exposure and bio-
activity datasets, both “central tendency” and “conservative”
imputation/read-across approaches were used to fill data gaps. For
exposure, missing data were imputed using either the median
(“central tendency”) or 95th percentile (“conservative”) across the
individuals with data for that particular congener or metabolite
(nondetects were treated as zero but included in the calculation).
For bioactivity, for each chemical- and cell-type, the fifth percen-
tile POD was assigned as the “critical” end point to be used for
MOE calculations, following the approach used by Paul Friedman
et al. (2020). Then, for chemicals without data, a class-based read-
across for each cell type was used, whereby missing PODs were
replaced either using the median (“central tendency”) or minimum
(“conservative”) across members of the same class, a common
approach for read-across. Then, for each cell type and individual,
the cumulative MOE was derived by taking the harmonic sum of
the compound-specific MOEs (van der Voet et al. 2009). The
resulting distribution of individual MOEs for each cell type was
characterized using box plots, with “central tendency” and “con-
servative” imputation/read-across approaches compared.

Results

Testing of the Effects of PCBs and Metabolites in Human
CMs and ECs
A total of 25 PCBs and their metabolites (Figure 1) were tested in
concentration–response (0:01–100 lM) using human iPSC-CMs
and ECs, and HUVECs. Figure 2A shows representative Ca2+ flux
traces in experiments with human iPSC-CM for media, vehicle, or
three selected PCB metabolites, 40-MeO-PCB 3, 5-OH-PCB 11,
and 4-OH-PCB 52. A positive inotropic effect, i.e., an increase in
the beat rate, was observed after treatment with 100 lMof 40-MeO-
PCB 3. Treatment with 100 lM of 5-OH-PCB 11 or 4-OH-PCB 52
resulted in a complete block of Ca2+ flux because of the loss of cell
viability at this concentration (Figure 2A). Representative images of
the effects on the tubular networks in human iPSC-derived ECs are
shown in Figure 2B. Increases in the density and number of formed
“tubes” were observable for some of the PCB metabolites at lower
concentrations (i.e., 0:01 lM, as exemplified by all three chemicals

shown), but at higher concentrations (above 1 lM, as exemplified
by all three chemicals shown), the networks were disrupted (See
Figure 3 and Supplemental Excel file for details on the effects of
each tested compound).

Quantitative concentration–response profiles for all tested
PCBs and metabolites in all three cell types are shown as heat
maps in Figure 3. Effects on cytotoxicity end points and those on
the end points representative of the physiological function of
each cell type are shown separately. For iPSC-CMs, the 100 lM
concentration of almost all compounds was cytotoxic at both 90
min (Figure 3A) and 24 h (Figure 3B) of exposure. Many com-
pounds exhibited effects on cell beating parameters at noncyto-
toxic concentrations at both time points. Chemical structure-
dependent trends in effects were evident, with low-chlorinated
PCB 3 and PCB 11 sulfates, 40MeO-PCB 3, and PCB 126 having
little effect on cell viability. PCB 126, PCB 3, and its methoxy-
lated metabolite 40-MeO-PCB 3 were found to have positive ino-
tropic effects. Cytotoxic and other effects were highly concordant
between 20,50-diOH-PCB 3 and 4-Cl-BQ.

Concentration-responses for in vitro tubulogenesis and cyto-
toxicity in iPSC-EC and HUVEC are shown in Figures 3C–D.
Concordant with observations in iPSC-CMs, cell viability was
affected by most compounds at the highest tested concentration. In

Figure 2. Effects of PCB metabolites on iCell®-cardiomyocytes and iCell®-
endothelial cell. (A) Representative Ca2+ flux traces (90 min after treatment)
for media, vehicle (0.5% DMSO) or three PCB metabolites at three concen-
trations on iPSC-derived CMs. (B) Representative images of the tubular net-
works for media, vehicle (0.5% DMSO), or three representative PCB
metabolites at three concentrations on iPSC-derived ECs. Images were
acquired at 4 × resolution. Chemical names and abbreviations of PCBs and
metabolites are listed in Table S1. Note: CMs, cardiomyocytes; DMSO, di-
methyl sulfoxide; ECs, endothelial cells; iPSC, induced pluripotent stem
cell; PCBs, polychlorinated biphenyls.
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iPSC-ECs, there was a clear trend for cytotoxicity of lower-
chlorinated congeners andmono- and di-hydroxylatedmetabolites.
On the contrary, parent PCBs 3 and 11, as well as their sulfated and
methoxylated metabolites, did not affect cell viability. iPSC-EC
tubulogenesis assay showed that PCBs and metabolites could
increase tube formation even at the lowest test concentration
(10 nM). Mono- and di-hydroxylated PCB 3 metabolites were
among the most potent inhibitors of iPSC-EC tubulogenesis, a
finding that was concordant with their cytotoxicity. The effects of
test chemicals on iPSC-EC andHUVECviability weremostly con-
cordant, even though HUVECs were more sensitive than iPSC-
ECs. Concordant effects included cytotoxicity at the highest tested
concentrations and identified mono- and di-hydroxylated PCB
metabolites as the most cytotoxic. In addition, concentration–
responses of the structural analogs, including (+)- and (−)-PCB
136, 4-OH-PCB 11 and 5-OH-PCB 11, and 20,50-di-OH-PCB 3
and 4-Cl-BQ, were also highly consistent between both cell types.

Structure–Activity Relationships in the Effects of PCBs and
Metabolites in Human CMs and ECs
Structure-activity relationships for PCB congeners are well estab-
lished, based on animal studies in vivo and understanding of the

metabolism of these compounds (Safe 1993; Van den Berg et al.
2006). Therefore, we used data from human CMs and ECs, as well
as physicochemical properties of the test chemicals, to examine
structure–activity trends in their in vitro effects. Multiregression
and mixed-effects models using physicochemical properties were
unable to model individual PODs, in part due to the relatively large
number of phenotypes and the small number of independent varia-
bles (not shown). Therefore, data visualization and clustering were
performed using the ToxPi 2.0 software tool (Marvel et al. 2018)
that allowed integration and aggregation of complex data sets using
normalized scores and pie chart images.

Three analyses were performed (Figure 4A): in vitro “bioactiv-
ity” data alone, physicochemical properties alone, or a combination
of the two, the so-called chemical-biological analysis (Low et al.
2013). For in vitro data (Figure 4B), POD values were obtained for
each phenotype and data were aggregated by cell type, time point,
and type of response (cytotoxicity vs. physiological phenotypes).
We found that in vitro data demonstrated good concordance
between the biological activity of closely related PCBs and metabo-
lites. For example, 20,50-diOH-PCB 3 and 4-Cl-BQ, the atropisom-
ers (+)- and (−)-PCB 136, the sulfates of PCB 3, and mono-
hydroxylated forms of PCB 3 were clustered together. Clustering
analysis based on physicochemical descriptors resulted in an even

Figure 3. Heatmaps of concentration-related effects of PCBs and their metabolites in different cell types and time points. (A) Effects in iPSC-CMs at 90 min
after exposure (“Tox” is cell viability and “Phys” is beats per minute phenotypes). (B) Effects in iPSC-CMs at 24 h after exposure (“Tox” is cell viability and
“Phys” is beats per minute phenotypes). (C) Effects in iPSC-ECs (“Tox” is cell viability at 24 h, and “Tubulogenesis” is total tube length at 18 h phenotype).
(D) Effects in HUVECs (“Tox” is cell viability at 24 h, and “Tubulogenesis” is total tube length at 18 h phenotype). The effects at each concentration were nor-
malized to respective vehicle controls (i.e., 100%, white color). Relative increases and decreases in the respective assay signal are shown as red and blue gra-
dients. Chemical names and abbreviations of PCBs and metabolites are listed in Table S1. Data for each cell and phenotype are available in the Supplemental
Excel file, tabs iPSC-CMs; iPSC-ECs; HUVECs. Note: CMs, cardiomyocytes; ECs, endothelial cells; HUVECs, human umbilical vein endothelial cells; iPSC,
induced pluripotent stem cell; iPSC-CMs, iPSC-derived cardiomyocytes; iPSC-ECs, iPSC-derived endothelial cells; PCBs, polychlorinated biphenyls; ToxPi,
Toxicological Prioritization Index.
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more pronounced clustering of structurally related PCBs andmetab-
olites (Figure 4C). Physicochemical descriptors and biological ac-
tivity data were then combined into three equally weighted slices:
iPSC cardiomyocyte phenotypes, EC phenotypes, and physico-
chemical descriptors (Figure 4D). Major trends observable with the
individual data streams were preserved in the integrated analysis,
i.e., structural similarity appeared to be closely related to the biologi-
cal activity. The highest similarity was observed for quinoid species,
hydroxylated PCB 3 metabolites, sulfated PCB 3 metabolites, and
PCB 136 atropisomers. Interestingly, different metabolites of a
given PCB congener (i.e., PCB 3) clustered together, indicating that
the chlorine-substitution status and pattern were key determinants
of the in vitro effects of PCBs and theirmetabolites.

To further examine structure–activity trends in the activity of
parent PCBs and their metabolites, we conducted a quantitative
analysis of the ToxPi scores from the analyses shown in Figure 4.
Clear trends associating biological activity with PCB chlorination
pattern and metabolite class are evident (Figure 5). In vitro effects
on CMs and ECs were weakly dependent on the number of chlorine
substituents; however, metabolite class was a much stronger predic-
tor of the in vitro effects (Figure 5A). PCB sulfates were least bioac-
tive, followed by methoxylated PCB metabolites and parent PCBs.
Oxidative metabolism of PCBs to mono- and di-hydroxylated, and
quinone species was associated with incremental increases in the
in vitro effects; di-hydroxylated and quinone metabolites were most
potent. Physicochemical descriptors ranked test compounds by the

Figure 4. Clustering analysis of PCBs and their metabolites using the ToxPi. (A) Color diagram for data integration into pie chart slices for each type of
analysis (in vitro toxicity data, physicochemical properties, and combination of the two). (B) Clustering using in vitro data where point-of-departures values
derived from 30 phenotypic assays were grouped into eight categories (iPSC-CMs’ physiological responses and cellular toxicity after 90 min and 24 h, and
iPSC-ECs’ and HUVECs’ tubulogenesis and cellular toxicity data). A summary of point-of departure values is shown in the Supplemental Excel file, tab
POD summary. (C) Calculated physicochemical descriptors were used for the generation of ToxPi and clustering. (D) Clustering based on a combination of
in vitro and physicochemical data. In ToxPi images, each slice is a representation of cell type- and time-point-specific phenotypes or scaled values associ-
ated with a physicochemical characteristic, the area of each slice is proportional to the relative value of the effect for a given chemical within the dataset.
Each ToxPi is corresponding to one compound tested in this study. Chemical names and abbreviations of PCBs and metabolites are listed in Table S1. Data
for each ToxPi are available in the Supplemental Excel file, tab ToxPi_summary. Note: CMs, cardiomyocytes; ECs, endothelial cells; HUVECs, human um-
bilical vein endothelial cells; iPSC, induced pluripotent stem cell; iPSC-CMs, iPSC cardiomyocytes; PCBs, polychlorinated biphenyls; ToxPi,
Toxicological Prioritization Index.
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chlorination status, but not by the metabolite class (Figure 5B).
When both in vitro data and physicochemical properties were com-
bined, clear trends were observed in both directions—the number of
chlorines andmetabolite class (Figure 5C).

We also sought to examine metabolism-associated trends in
the in vitro effects at the individual congener level (Figure 6).
Biological activity was primarily determined by metabolic status
(Figure 6A) but also affected by the chlorination pattern. For
lower-chlorinated PCBs 3 and 11, sulfation resulted in an overall
decrease in bioactivity, whereas oxidation increased bioactivity
compared to the parent congener. However, for the tetra-chlorinated
PCB 52, sulfation increased the parent PCB-associated bioactivity.
Chlorination appeared to be less of a predictor of bioactivity among
lower-chlorinated congeners, i.e., PCB 3, 11, and 52, but seemed to
be associatedwith increases in biological activity for congeners con-
taining five or more chlorine substituents. ToxPi scores based on
physicochemical descriptors showed an increased value for the
metabolites in comparison with the respective parent, and chlorina-
tion was a distinguishable feature among selected chemicals (Figure
6B). Combining both biological and chemical properties in ToxPi
2.0 resulted in both chemical characteristic (i.e., chlorination pat-
tern) and biological activity (i.e.,metabolite status) determined rank-
ing, with increases in chlorination and oxidation being associated
with increased biological activity (Figure 6C). Across all analyses
(biological, chemical, and chemical-biological) PCBs and PCB

metabolites with clearly distinguishable structural features clustered
well together. Examples for structurally related clusters included
PCB sulfates, diOH-PCB3 and 4-Cl-BQ, andMeO-PCBs.

Risk Characterization for Human Cardiovascular Effects
Based on in Vitro Data
To facilitate the interpretation of the observed in vitro effects in a
risk assessment context, margins of exposure were determined
for each of the assessed PCBs and metabolites (Figure 7). We
used human exposure data, where available (Ampleman et al.
2015; Grimm et al. 2017; Koh et al. 2016a, 2016b), to estimate
serum concentration ranges for exposed subjects. As an initial
risk characterization approach, POD values for each cell type
were combined into one box-and-whiskers plot per chemical
tested, plotted as nominal in vitro concentrations, and compared
with the ranges of total human serum-free fractions, shown sepa-
rately for parent PCBs (Figure 7A) and their hydroxylated
(Figure 7B) or sulfated (Figure 7C) metabolites. For the parent
PCBs, the lower chlorinated congeners (PCB 3, 11, and 52) had
two to three orders of magnitude margin between the lowest
effect level in vitro and highest measured human serum concen-
trations (Figure 7A). For higher chlorinated PCBs and effects in
some cell types, the margins were less than two orders of magni-
tude or were overlapping (i.e., for PCB 95 in HUVECs and PCB
153 in iCell®-endothelial cell). For hydroxylated PCBs, the mar-
gins varied from over three orders of magnitude to less than one
(Figure 7B). For the sulfated PCBs, even though human biomoni-
toring data suggested that their serum concentrations were gener-
ally higher than those of parent molecules or hydroxylated
metabolites (Ampleman et al. 2015; Grimm et al. 2017; Koh et al.
2016a, 2016b), MOEs were generally over one order of magni-
tude (Figure 7C).

However, our initial risk characterization analysis did not take
into account within-class variation in potency or cumulative risks
from across all congeners and classes, nor did it take into account
the likelihood of population variability in exposures. Addressing
cumulative risks is hampered by the large number of PCBs and
metabolites measured in comparison with the small number of
PCB derivatives for which bioactivity data are available. Thus, as a
follow-up analysis, we used an imputation/read-across approach to
fill data gaps and enable calculation of cumulative MOEs for each
individual in the biomonitoring data set. Both a “central tendency”
approach and a “conservative” approach were taken, with the
results shown in Figure 7D. The “central tendency” approach
yielded cumulative MOEs at or above 100 for most individuals,
with a few individuals with MOEs around 10. However, the “con-
servative” approach resulted in MOEs around 10 for ECs and
HUVECs, with higher MOEs around 100 for CMs. One individual
hadMOEs <1 for both ECs andHUVECs.

Discussion
In this study, we aimed to compare the in vitro effects of a diverse
compendium of PCBs and their major metabolites representing
major congeners of interest from a public health perspective (Grimm
et al. 2015a). In addition, tested compounds represented the broad
range of structural variability of PCBs, including the degree of chlori-
nation and substitution pattern, and biotransformation-associated
metabolites. The test library included three lower-chlorinated,
(semi) volatile PCB congeners, PCBs 3 (mono-chlorinated),
11 (di-chlorinated), and 52 (tetra-chlorinated). These lower-
chlorinated congeners gained attention primarily through their
detectability in air samples in schools, a result of their emission
from building materials (Herrick et al. 2016; Marek et al. 2017).
In addition, PCB 11 was identified as a nonlegacy PCB, and its

Figure 5. Ranking of the PCBs and their metabolites chemical classes using
(A) in vitro testing data, (B) physicochemical descriptors, or (C) combina-
tion of the two. Groupings based on the number of chlorine atoms (left pan-
els) or metabolite class (right panel) are shown. ToxPi scores from the
analysis shown in Figure 4 were used to generate box-and-whisker plots for
each group. Individual box-and-whisker plots indicate the median (line),
mean (cross), interquartile range (box), and min–max span (whiskers).
Chemical names and abbreviations of PCBs and metabolites are listed in
Table S1. Note: PCB, polychlorinated biphenyls; ToxPi, Toxicological
Prioritization Index.
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continued environmental release has been associated with paint
and pigment manufacturing (Hu and Hornbuckle 2010). Both
parent PCB 11 and its hydroxylated, glucuronidated, and sulfated
metabolites have been detected in blood samples of exposed indi-
viduals (Grimm et al. 2017; Sethi et al. 2017, 2019; Zhu et al.
2013). Nonlegacy PCBs, also called unintentionally produced
PCBs, now represent the major source of PCBs in the atmosphere
of China (Zhao et al. 2020).

Lower-chlorinated PCBs, including PCBs 3, 11, and 52, are
susceptible to cytochrome P450 enzyme-catalyzed biotransfor-
mation that was reviewed elsewhere (Grimm et al. 2015a; Liu
et al. 2011, 2009; Matthews and Kato 1979; Safe et al. 1985).
Chemical synthesis of authentic standards for hydroxylated and
sulfated metabolites of PCBs 3, 11, and 52 allowed for inclusion
of the individual PCB metabolites in the in vitro testing and thus
reconstruction of major metabolic pathways at the individual
congener level to evaluate bioactivation potential associated with
lower-chlorinated PCBs (Lehmler and Robertson 2001; Li et al.
2010). Higher-chlorinated PCBs included both coplanar, dioxin-
like PCB 126, and ortho-substituted, noncoplanar congeners
(PCBs 95, 136, and 153). Penta-chlorinated PCB 95 was specifi-
cally selected for its known ability to act as a stimulant capable of
sensitizing cellular calcium release through a mechanism involv-
ing interactions with the ryanodine receptor (RyR) (Wong et al.
2001, 1997;Wong and Pessah 1997). The RyR is a known regula-
tor of cardiac Ca2+ homeostasis and was implicated in cardiovas-
cular disease states such as arrhythmias (Pessah et al. 2010).

We chose to focus our in vitro studies on the potential of these
substances to affect CMs and ECs, cells from tissues that are not
traditionally included in acute, subchronic, or chronic rodent tox-
icity studies. Evidence that PCBs may have cardiovascular effects
has been found. A recent cohort study evaluating dietary PCB ex-
posure in approximately 70,000 individuals in Sweden revealed
an increased risk of heart failure (Åkesson et al. 2019). These
findings were concordant with previous observations correlating
dietary PCB exposure with the development of hypertension in
overweight subjects (Raffetti et al. 2018) and increased risk of
myocardial infarction in men (Bergkvist et al. 2016). Follow-up
studies of the health of the highly exposed Yusho and YuCheng
cohorts, revealed that heart disease risk was increased over that
of age- and sex-matched controls (Akahane et al. 2018; Li et al.
2015). Mechanistic evidence for population-based observations

stems from both in vitro and in vivo studies examining the cardio-
vascular effects of individual PCB congeners and mixtures.
Cardiovascular toxicity in zebrafish, including pericardial edema,
cardiac looping defects, and circulatory failure have been
reported upon exposure to PCB 126 and Aroclor 1254 (Li et al.
2014; Teixidó et al. 2019).

A number of in vitro studies have indicated multiple mecha-
nisms for vascular damage elicited by PCBs (Hennig et al. 2002,
2005). PCBs 77, 114, 118, and 126, all aryl hydrocarbon receptor
(AhR) agonists, are potent inducers of EC toxicity. Effects observed
in porcine pulmonary artery–derived EC included disrupted endo-
thelial barrier function, increased oxidative stress, and alteration in
intracellular calcium levels (Toborek et al. 1995). Other studies
have confirmed these changes and also reported inflammatory
responses and apoptosis (Liu et al. 2015; Tang et al. 2017; Wahlang
et al. 2016). Higher chlorinated biphenyls like PCB 153 were much
less potent in most of these studies. Because only a few studies of
endothelial toxicity have examined the lower chlorinated biphenyls
or their metabolites, the current study represented an important
advance in our knowledge.

There is also paucity of data on the potential cardiomyocyte
effects of PCBs. The direct action of PCBs 19, 77, and 126, and
the PCB mixture Aroclor 1254 on CMs from selected avian and
rodent species has been investigated. PCBs’ alteration of intracel-
lular Ca2+ dynamics (Rebuzzini et al. 2018) and cardiac electro-
physiology (Park et al. 2012) have been reported, in addition to
the potential role of microRNAs in mediating the effects of PCBs
during the differentiation of P19 cells into CMs (Zhu et al. 2012).

Our results clearly showed that PCBs and their metabolites
were bioactive in both ECs and CMs, providing empirical evi-
dence for their potential cardiovascular hazards. We also found
structure– and metabolite class–specific trends in aggregate bio-
activity indicated by ToxPi scores, suggesting that these effects
are broadly applicable across the range of PCBs and their metab-
olites. To characterize the potential risk given current exposures,
we compared our in vitro PODs with serum levels from recent
biomonitoring studies. One limitation was that many more PCBs
and metabolites have been detected than have been tested, so we
demonstrated the use of read-across approaches to fill this data
gap. Under “conservative” read-across, where data gaps are filled
with “high-end” estimates, the most MOEs were less than 100
for CMs and less than 10 for ECs. Thus, although effective

Figure 6. Relative change in the in vitro potency of the parent PCBs, depending on (A) their metabolism, and (B) integrated congener- and metabolite-specific
distributions of calculated physicochemical characteristics, and (C) integrated chemical-biological profiles. ToxPi scores for each compound are plotted based
on the analysis in Figure 4. Chemical names and abbreviations of PCBs and metabolites are listed in Table S1. Small black dots are ToxPi scores for the re-
spective parent PCB congener; large gray dots are ToxPi scores for PCB metabolites; connecting lines indicate PCB parent–metabolite relationship. Data on
ToxPi scores are provided in the Supplemental Excel file, tab ToxPi Scores. Note: PCBs, polychlorinated biphenyls; ToxPi, Toxicological Prioritization Index.
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concentrations exceeded the levels measured in the general popu-
lation, risks cannot entirely be ruled out due to the potential for
population variability in susceptibility. The MOEs were comfort-
able under “central tendency” read-across, thus showing the need
to fill these data gaps to make more confident statements about
potential risks. The large amount of “missing data” on bioactiv-
ity, in addition to the relatively small MOEs under conservative
read-across assumptions, suggested that either additional data
collection or improved read-across approaches, such as applying
quantitative structure–activity relationship (QSAR), may be nec-
essary to reduce uncertainty and refine estimates for the cumula-
tive risks from PCBs and metabolites. Alternatively, testing of
whole mixtures of PCB congeners and metabolites may be useful
to more directly characterize cumulative risks.

Although the data presented herein advance our knowledge of
the structure–activity relationships in PCBs’ and their metabolites’
effects on CMs and ECs, there were a number of limitations. First,
these in vitro studies examined only acute cardiotoxic and vascular
effects of PCBs and PCB metabolites. Although this study design
was consistent with accidental poisoning with PCB in spill scenar-
ios, it did not address long-term exposures to PCBs in the general

population. Adaptation of the experimental design to longer dura-
tion studies is therefore a recommended path forward. In addition,
the cell models we used, iPSC-CMs, ECs, and HUVEC, and the
phenotypes that were collected, captured only some of the potential
chemically induced cardiovascular effects. Contractile force, car-
diomyopathy, and other in vivo disease states may require addi-
tional experiments and different approaches. In this respect, the use
of the microphysiological systems for both heart (Mathur et al.
2015) and the vasculature (Sobrino et al. 2016) promises to narrow
this gap and offer enhanced physiological relevance.

Overall, we have demonstrated the importance and impact of
characterizing cardiovascular-related bioactivity of not only parent
PCBs but also their metabolites to have a more complete picture of
potential cardiovascular risks. Our results provided additional bio-
logical plausibility to the association between PCB exposure and
cardiovascular effects and suggest that such effects are common
across this class of compounds. An important aspect is that we iden-
tified structural moieties associated with cardiovascular activity,
including chlorination andmetabolic status, and established biologi-
cal similarity for closely related compounds. Oxidation appeared
to play a key role in the bioactivation of PCBs to enhanced

Figure 7. Characterization of the margins of exposure for (A) PCBs, (B) OH-PCBs, and (C) PCB sulfates separately, as well as for the cumulative effect all serum
PCBs and metabolites together using an imputation/read-across approach (D). In (A–C), box plots show distributions of point-of-departure values (one standard
deviation of the variability in cells treated with vehicle) for various phenotypes sorted by cell type (white: iCell®-cardiomyocytes; dark gray: iCell®-endothelial
cells; light gray: human umbilical vein ECs (HUVECs). Dotted lines with bidirectional arrows are indicative of human serum concentration ranges for selected
PCBs, OHPCBs, and PCB sulfates. In (D), box plots show the distribution across individuals in the biomonitoring studies (Ampleman et al. 2015; Grimm et al.
2017; Koh et al. 2016a, 2016b), of their cumulative margin of exposure across all PCBs and metabolites. Each cell type is cumulated separately, and both a “central
tendency” and a “conservative” imputation/read across approach are used. All box plots were generated in ggplot2 R package (version 3.1; R Development Core
Team) and indicate 25th, 50th (median), and 75th percentiles. Whiskers indicate the smallest and largest values within 1:5× interquartile range above the 75th or
below the 25th percentile. Outliers are indicated as dots. Chemical names and abbreviations of PCBs and metabolites are listed in Table S1. Note: CMs, cardiomyo-
cytes; ECs, endothelial cells; HUVECs, human umbilical vein endothelial cells; OHPCBs, hydroxylated metabolites of PCBs; PCBs, polychlorinated biphenyls.
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cardiovascular active metabolites, whereas conjugation yielding
PCB methoxylates and sulfates resulted in decreased biological ac-
tivity. In a similar manner, there was a trend across the PCBs that
indicated an association between increased chlorination and
increased in vitro cardiovascular activity. The knowledge and con-
ceptual trends identified in this study may have implications for
related classes of halogenated chemicals, including polybrominated
diphenyl ethers (PBDEs) (Gump et al. 2014; Jing et al. 2019), and
dioxins (Humblet et al. 2008). Evaluating cumulative effects of
PCBs and their metabolites requires estimates of potency across all
PCBs and metabolites, which may be difficult to obtain experimen-
tally. Because there appeared to be some relationship between struc-
ture and potency, either read-across and/or QSAR modeling are
reasonable approaches to consider in filling these data gaps. The use
of read-across with conservative assumptions suggests that for some
individuals, theMOEsmay be less than 10 or even near 1, given cur-
rent exposures as indicated by biomonitoring data. This study thus
demonstrated not only a strategy for incorporation of metabolite
screening into in vitro testing, but also showed how these
approaches can be implemented to characterize human health risks
from complexmixtures of PCBs and theirmetabolites.
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